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Abstract

We report the concentrations of 22 elements in short coastal sediment cores of Admiralty Bay (King George Island, Antarctica)
determined by Neutron Activation Analysis. We focus the discussion on rare earth elements (REE) because their fractionation
patterns in sediments relative to local sources may offer insights about weathering, transportation, deposition, and diagenetic
processes. We found strong correlations between REE and Th, indicating detrital origin. Despite strong Eh gradients, the Th-
normalized redox-sensitive elements (e.g., Eu, Ce, Fe, As, and others) showed little variability within the sedimentary environment.
The exceptions were U (depleted in the upper few centimeters) and Br (enriched in the upper few centimeters). While U appears to
be removed from seawater via uptake across the boundary of reducing sediments, the mechanisms driving Br accumulation are
unclear, but perhaps related to increasing diatom production driven by regional warming. A comparison with published
concentrations from rocks representing the regional eroding units showed that the characteristics of source rock could be
recognized in the REE fractionation patterns in our sediments. These results imply no significant alteration during weathering and
sediment transport in the coastal region of Admiralty Bay and the prevalence of strong periglacial erosion in ice-free areas of
MARITIME Antarctica in spite of the relatively mild regional environmental setting (e.g., high moisture and high temperatures).
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Weathering, transportation, deposition and diagene-
sis are major stages in the sedimentary cycle. These
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stages, along with human interference, may exert varied
influence on the distribution and abundances of
elements in sediments. The distribution and fraction-
ation patterns of rare earth elements (REE) in sediments
relative to those in local source rocks may be related to
these factors. Geochemical characteristics, including
REE abundances, of sediments may be useful for
identifying sediment origin in relation to local rocks
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Fig. 1. Location of our sampling points in Admiralty Bay in relation to the Antarctic Peninsula and the King George Island (B). The square in
(C) adjacent to the core CF depicts the location of Ferraz Station in Keller Peninsula.
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(Chaudhuri and Cullers, 1979). Their chemical similar-
ity renders REE less susceptible than other groups of
elements to mutual fractionation in geochemical pro-
cesses, and thus simplifies the interpretation of patterns
observed in natural systems (Evensen et al., 1978). One
may therefore assume that, if the concentration of REE
in sediments is similar to local rocks, rock weathering
and post-depositional processes, such as re-working and
diagenesis, are not significant (Abanda and Hannigan,
2006).

In most parts of continental Antarctica, chemical
weathering is not sufficiently important to cause major
change in bulk composition of rocks, soils, and
sediments. For example, a comparison between the
mineralogy of bedrock with the mineralogy of sedi-
ments indicated that clay minerals must have originated
by glacial erosion of the rocks of the South Shetland
Islands (Jeong et al., 2004). In addition, the organic
matter cycle may have negligible influence in soil and
sediment geochemistry (Campbell and Claridge, 1987).
However, in the maritime Antarctica, covering parts of
the Antarctic Peninsula and the offshore islands, the
climate is warmer, much greater quantities of free water
are available, and bird guano may be very abundant
locally (Myrcha et al., 1985; Bockheim and Ugolini,
1990; Schaefer et al., 2004; Michel et al., 2006). As a
consequence, soil formation and chemical weathering
occur to a greater extent than in other Antarctic areas
(Blume et al., 1997; Beyer et al., 2000). Recent
investigations showed that this process is important in
small ice-free areas colonized by penguins, where soil
organic matter accumulation and associated phosphati-
zation are important (Michel et al., 2006; Simas et al.,
2006). Whether the regional extent and magnitude of
this process are important enough to influence the geo-
chemistry of coastal depositional environments remains
to be answered.

Sediments provide a temporally integrated indication of
the aquatic environment biogeochemical conditions and act
as a major reservoir for reactive elements in the ocean. The
fractionation patterns of REE between their source (rocks)
and their sink (sediments) may provide information about
the relative importance of chemical weathering processes
(McLennan, 1989; Nath et al., 2000). Studies about
sedimentation processes in coastal Antarctica may also be
useful for understanding natural and/or anthropogenic,
regional and/or global environmental changes (Gasparon
et al., 2007). Atmospheric warming is believed to influence
the distribution and amount of precipitation in Antarctica,
andmany studies have shown that the Antarctica Peninsula
region is experiencing rapid climatic changes (Park et al.,
1998; Simões et al., 1999; Simões et al., 2004; Thomas
et al., 2004). If temperature,water availability, and ice cover
are changed, the degree and rates of rock weathering and
soil leaching are also altered. As a result, sedimentation
processes in the coastal ocean may also be changed (Khim
et al., 2001; Khim and Yoon, 2003).

The objectives of this paper are to characterize the
vertical distribution of REE and other elements (U, As,
Fe, Th, Br, Cr, Zn, and others) in coastal sediments of
Admiralty Bay, maritime Antarctica, and to identify the
main factors controlling their accumulation. By dis-
cussing vertical distribution patterns and comparing
sediment concentrations with source rocks, we try to
evaluate whether REE provide insights about sedimen-
tological processes in coastal maritime Antarctica.



Table 1
Elemental concentrations in Admiralty Bay sediments

Core Depth b0.062 OM As Br Ce Co Cr Cs Eu Fe Hf La Lu Na Nd Rb Sb Sc Sm Tb Th U Yb Zn

CF 0.5 97.5 8.8 150 1472 307 286 473 23.4 9.1 885 23.4 121 1.7 1463 300 743 3.7 527 34.9 5.9 19.2 4.7 11.7 1536
1.5 95.1 8.6 307 1315 321 289 521 22.8 9.4 902 24.7 131 2.7 1238 227 602 6.5 541 37.3 3.1 21.0 4.8 12.1 1514
2.5 95.0 8.0 174 1282 318 287 1015 24.5 9.1 876 23.7 128 2.2 1249 345 651 5.2 533 36.5 4.0 20.8 8.3 10.9 1429
3.5 96.2 7.9 274 1043 311 301 515 25.8 9.4 909 24.9 132 1.5 1202 269 871 8.5 549 38.0 4.7 20.2 8.6 12.1 1475
4.5 90.6 8.4 442 994 293 266 496 21.1 8.7 865 21.3 118 1.2 1076 264 745 5.7 490 34.0 4.2 19.3 10.0 11.4 1343
5.5 94.2 8.3 141 1005 305 291 478 25.1 9.7 869 24.2 130 1.7 1195 255 885 6.0 539 36.9 2.7 19.2 9.0 12.8 1379
6.5 94.3 8.0 196 912 305 282 520 22.1 8.6 839 23.1 121 0.0 1145 271 440 7.2 514 34.8 1.8 18.8 7.7 11.2 1424
7.5 88.4 7.7 262 938 330 293 500 25.3 8.1 898 24.0 127 4.0 1192 174 770 5.4 529 36.9 3.3 19.7 9.0 11.4 1746
8.5 96.0 7.6 336 920 329 280 519 25.4 8.8 899 25.2 133 2.3 1162 269 752 6.9 513 37.7 4.1 22.3 6.0 12.1 1687
9.5 79.3 9.4 260 879 327 291 565 24.5 9.5 892 24.4 135 3.9 1199 271 783 5.8 521 37.6 4.1 22.5 10.4 10.9 1776
11.0 94.9 9.2 171 925 319 307 536 26.0 9.2 880 24.4 128 2.4 1194 284 612 7.6 514 36.5 3.7 20.7 10.9 11.7 2065
13.0 87.5 7.0 108 772 324 297 489 22.2 9.2 852 24.4 133 2.1 1167 174 731 5.0 500 38.1 3.5 20.0 9.2 11.1 1622
15.0 81.0 6.1 215 686 314 274 568 16.8 8.9 835 23.0 135 2.4 1100 310 469 9.7 475 38.1 nd 18.4 8.4 10.2 1529
17.0 82.8 6.6 142 729 334 304 527 21.5 8.6 864 23.4 131 1.9 1141 188 803 5.2 498 36.1 3.8 18.8 8.5 9.9 1769
Mean 90.9 8.0 227 991 317 289 552 23.3 9.0 876 23.9 129 2.1 1195 257 704 6.3 517 36.7 3.8 20.1 8.3 11.4 1592
Standard deviation 6.1 0.9 92 226 12 11 136 2.5 0.4 23 1.0 5 1.0 91 51 134 1.6 21 1.3 1.0 1.3 1.9 0.8 198

MP 0.5 75.3 11.5 222 761 295 323 385 21.7 8.4 881 21.6 118 nd 1010 247 721 5.7 484 33.1 4.3 16.5 0.0 9.7 1604
1.5 58.1 4.7 230 625 313 333 433 22.4 7.9 910 23.4 128 nd 1004 211 762 7.9 488 34.8 nd 18.5 7.0 11.0 1759
2.5 59.5 15.7 187 536 285 317 432 21.2 7.9 852 20.5 121 nd 924 159 664 7.1 466 34.2 4.5 18.4 5.5 9.8 761
3.5 81.5 11.5 267 714 305 335 434 21.4 8.5 931 21.6 117 nd 864 111 652 6.7 508 34.0 nd 17.6 5.6 10.5 1328
4.5 84.4 5.6 252 793 308 337 507 25.8 7.8 928 23.5 125 2.6 966 225 1118 7.0 505 34.6 4.4 18.3 7.4 11.3 1790
5.5 89.0 5.4 252 855 299 340 384 27.5 8.6 819 22.9 121 1.5 953 214 1003 7.8 518 34.8 3.7 19.7 6.4 9.9 1760
6.5 90.4 5.7 268 688 287 320 382 22.6 7.9 889 22.0 116 nd 940 86 858 6.0 487 32.7 nd 17.6 7.7 12.0 1747
7.5 89.2 5.4 200 514 314 358 436 25.5 8.7 957 22.7 109 2.8 697 142 820 10.2 520 32.8 nd 20.2 7.5 9.8 2149
8.5 89.4 5.9 176 472 288 317 364 27.1 7.6 882 21.4 101 nd 646 184 890 9.7 487 30.2 nd 16.1 7.5 9.5 1561
9.5 75.4 4.8 216 485 300 353 353 26.9 8.0 942 23.5 126 nd 1049 177 1103 9.0 512 35.8 5.5 18.1 8.5 11.1 2180
11.0 69.7 4.2 231 518 301 345 424 19.3 8.6 930 22.4 122 2.5 1070 186 1108 9.0 498 35.9 5.6 21.6 6.2 10.1 1690
13.0 71.2 4.8 217 553 275 314 439 20.7 7.9 867 21.1 115 nd 1005 188 1050 8.8 462 33.5 nd 18.1 7.1 9.4 1067
15.0 74.6 14.3 186 617 284 314 449 20.1 8.0 845 21.6 118 nd 1056 148 1111 7.0 454 32.8 5.2 17.1 5.0 9.4 1764
17.0 75.2 16.3 201 607 305 313 400 28.2 8.3 882 22.6 120 nd 1127 192 837 8.1 484 34.3 nd 18.6 7.9 9.3 1534
Mean 77.4 8.3 222 624 297 330 416 23.6 8.2 894 22.2 118 2.4 951 176 907 7.8 491 33.8 4.8 18.3 6.4 10.2 1621
Standard deviation 10.6 4.5 30 122 12 15 40 3.1 0.4 41 0.9 7 0.5 136 44 173 1.4 21 1.5 0.7 1.5 2.1 0.8 377

BP 0.5 91.7 10.0 73 1276 361 379 747 22.9 11.0 978 28.2 141 nd 1500 337 994 nd 542 41.1 1.5 21.2 nd 12.6 1381
1.5 96.5 9.1 85 839 355 359 712 19.3 9.8 929 27.4 135 nd 1291 nd 472 nd 512 39.7 nd 23.5 nd 13.4 1453
2.5 95.8 8.5 63 773 352 356 681 20.5 9.6 910 27.5 131 nd 1301 96 588 nd 512 38.3 7.5 21.1 nd 10.2 1398
3.5 94.8 9.0 54 721 353 361 659 15.8 6.7 914 27.4 142 nd 1326 270 Nd nd 516 39.5 2. 22.0 nd 10.6 1331
4.5 96.9 8.9 48 638 338 376 757 16.4 9.7 939 28.3 110 nd 1305 334 825 nd 519 39.1 2.0 23.6 nd 11.5 1366
5.5 97.8 8.3 59 617 338 361 787 15.1 9.5 884 27.3 129 nd 1234 115 432 nd 501 37.3 4.7 20.7 nd 9.0 1404
6.5 98.3 8.6 52 611 330 344 695 15.6 9.5 866 24.3 124 nd 1224 147 Nd nd 481 37.1 1.8 21.0 nd 12.2 1368
7.5 94.7 6.3 58 719 349 357 828 13.9 9.8 887 24.6 134 1.8 1251 321 645 2.9 500 38.1 3.1 22.1 6.3 11.2 1286
8.5 95.0 8.2 49 585 355 388 844 19.4 10.1 945 26.3 143 2.2 1340 292 649 3.1 523 40.1 3.3 23.2 7.8 12.1 1376
9.5 91.9 7.4 56 608 349 372 836 20.6 10.2 935 25.2 140 1.6 1290 255 541 3.5 513 39.9 3.1 22.8 9.2 13.1 1454
11.0 97.3 8.1 53 665 344 359 731 14.9 9.9 906 25.2 136 1.4 1310 199 525 2.5 495 39.0 2.3 22.5 7.8 12.1 1283
13.0 97.3 8.2 69 532 318 357 827 18.9 9.7 900 24.2 137 nd 1291 279 426 4.0 490 38.9 4.7 22.7 11.4 10.8 1280
15.0 95.3 8.5 69 543 373 374 870 21.8 10.5 959 25.0 141 1.3 1315 249 386 3.6 515 40.5 3.6 21.5 12.5 11.1 1410
17.0 97.2 7.7 54 484 360 380 794 20.2 10.7 961 25.5 143 1.8 1284 225 661 2.8 513 40.8 3.8 21.4 6.6 12.0 1238
Mean 95.7 8.3 60 687 348 366 769 18.2 9.8 922 26.2 135 1.7 1304 240 595 3.2 509 39.2 3.4 22.1 8.8 11.6 1359
Standard deviation 2.0 0.9 10 195 14 12 67 2.9 1.0 33 1.5 9 0.3 65 80 177 0.5 15 1.2 1.6 1.0 2.4 1.2 67

Values in nmol/g, except b0.062 and OM (%); and Fe and Na (μmol/g).
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2. Material and methods

2.1. Site description

Admiralty Bay has an area of 131 km2 and maximum depth
of 530 m. This is the largest bay adjacent to the King George
Island (KGI), which is located approximately at 63°S in the
South Shetlands Islands (Fig. 1). These islands expose
volcanic and plutonic rocks of Early Cretaceous to Early
Miocene age with calc-alkaline affinity, which are related to
the subduction of the SE-Pacific oceanic crust underneath the
Antarctic continent. Mafic and intermediate volcanic rocks
(i.e. basalts, basalt–andesites and andesites) are the dominant
lithologies, whereas rhyolite and dacite are less abundant.
Some areas contain sulphide minerals (Smellie et al., 1984;
Groeneweg and Beunk, 1992; Machado et al., 1998; Machado
et al., 2001; Schaefer et al., 2004; Machado et al., 2005; Santos
et al., 2006; Simas et al., 2006).

The KGI is almost entirely ice-covered and the strong
glacial influence is reflected by the fjord-like morphology of
Admiralty Bay and the occurrence of moraine deposits. This
region receives larger amounts of rainfall than the eastern and
southern regions of the Antarctica Peninsula (Pichlmaier et al.,
2004). Dissolution of the sulphide minerals may enhance rock
weathering rates due to the formation of acid solutions
(Åström, 2001; Borrego et al., 2005), so it is likely that
chemical weathering occurs in the KGI. In Admiralty Bay,
14C-derived sedimentation rates varied between 0.36 mm/yr
(before 1200 yr BP) and 2.27 mm/yr (since 1200 yr BP).
Higher sedimentation rates in upper layers of sediments were
attributed to a higher input of terrigenous material from
meltwater streams probably as a response to regional warming
(Yoon et al., 2000).

2.2. Sampling and analysis

Three short sediment cores (up to 25 cm long) (MP —
Macchu Picchu; BP — Botanic Point; and, CF — Coman-
dante Ferraz Station) were collected with a box-corer in the
Fig. 2. Vertical distribution of grain size, organic mater (loss on ig
coastal region of Admiralty Bay in January of 2004 during the
XXII Brazilian Antarctic Expedition in a water depth of nearly
30 m (Fig. 1). Redox potential (Eh) and pH were measured
immediately after core collection with portable electrodes in
samples that were further used for biological analysis collected
with the same box-corer. That is why Eh and pH data are
available only for the first 10 cm of the cores. The cores used
for geochemical analysis were sliced into one centimeter
intervals (upper 10 cm) and into two centimeter intervals
(below 10 cm) immediately after arriving in the laboratory of
Ferraz Station. The samples were lyophilized (48 h at −46 °C
and 133×10−3 mbar) and ground for trace element analysis.
We did not wet-sieve the sample fraction used for metal
analysis, but we did remove a few large grains (N2 mm) with a
plastic forceps. Loss on ignition (hereafter assumed to
represent the organic matter content — OM) was determined
by burning previously dried sediment at 450 °C for 24 h, while
the percentage of fine-grained sediment (b0.062 mm) was
obtained after mechanical separation through wet sieving
(Suguio, 1973).

Trace and REE were determined by Instrumental Neutron
Activation Analysis technique (INAA) in the IEA-R1m
nuclear research reactor at IPEN — Instituto de Pesquisas
Energéticas e Nucleares, São Paulo, Brazil (Larizzatti et al.,
2001). Approximately 150 mg of sediment (duplicate samples)
were accurately weighed and sealed in pre-cleaned double
polyethylene bags. Single and multielement synthetic stan-
dards were prepared by pipetting convenient aliquots of
standard solutions (SPEX CERTIPREP) onto small sheets of
Whatman n° 41 filter paper. Sediment samples, reference
materials and synthetic standards were irradiated for 16 h,
under a thermal neutron flux of 1012 n cm−2 s−1. Two series of
counting were performed: the first after one week decay and
the second after 15–20 days. The counting time was 2 h for
each sample and reference materials, and half an hour for each
synthetic standard. Gamma spectrometry was performed with
a Canberra gamma X hyperpure Ge detector and associated
electronics, with a resolution of 0.88 keV and 1.90 keV for
57Co and 60Co, respectively. Data analysis was made by
nition), pH, and Eh in coastal sediments of Admiralty bay.



Table 2
Pearson correlation coefficients for elements in Admiralty Bay sediments

Fe Sc Th As Br Co Cr Cs Hf La Ce Nd Sm Eu Tb Yb Lu Na Rb Sb U Zn N0.062

Sc 0.44 1.00
Th 0.44 0.45 1.00
As −0.30 −0.05 −0.49 1.00
Br −0.13 0.61 0.06 0.28 1.00
Co 0.68 0.06 0.46 −0.70 −0.50 1.00
Cr 0.35 0.28 0.73 −0.67 0.05 0.48 1.00
Cs −0.03 0.31 −0.41 0.55 0.28 −0.40 −0.53 1.00
Hf 0.49 0.56 0.77 −0.62 0.17 0.52 0.66 −0.35 1.00
La 0.30 0.36 0.62 −0.42 0.14 0.28 0.62 −0.29 0.61 1.00
Ce 0.56 0.46 0.77 −0.66 0.03 0.58 0.77 −0.41 0.85 0.75 1.00
Nd 0.09 0.41 0.42 −0.11 0.45 −0.08 0.45 −0.05 0.33 0.37 0.30 1.00
Sm 0.45 0.46 0.83 −0.59 0.10 0.45 0.76 −0.42 0.83 0.87 0.87 0.45 1.00
Eu 0.39 0.43 0.65 −0.51 0.18 0.39 0.69 −0.26 0.59 0.57 0.68 0.37 0.73 1.00
Tb −0.04 −0.20 −0.29 0.23 −0.08 −0.12 −0.28 0.23 −0.26 −0.16 −0.32 −0.42 −0.35 −0.26 1.00
Yb 0.38 0.54 0.52 −0.16 0.40 0.11 0.37 −0.05 0.48 0.49 0.46 0.41 0.57 0.54 −0.49 1.00
Lu 0.21 0.15 0.15 0.24 0.03 −0.10 −0.17 0.26 0.07 −0.01 0.02 −0.22 −0.03 −0.26 0.30 −0.17 1.00
Na 0.25 0.43 0.68 −0.53 0.42 0.22 0.68 −0.38 0.74 0.73 0.70 0.52 0.83 0.65 −0.25 0.54 −0.18 1.00
Rb 0.01 −0.09 −0.41 0.38 −0.02 −0.08 −0.57 0.46 −0.33 −0.44 −0.51 −0.17 −0.45 −0.48 0.18 −0.20 0.34 −0.38 1.00
Sb −0.21 −0.19 −0.54 0.56 −0.15 −0.32 −0.70 0.49 −0.55 −0.64 −0.67 −0.32 −0.62 −0.69 0.37 −0.53 0.20 −0.72 0.50 1.00
U 0.12 0.15 0.29 −0.19 −0.13 0.05 0.35 0.08 0.31 0.36 0.34 0.28 0.39 0.35 −0.21 0.19 0.01 0.24 −0.35 −0.17 1.00
Zn 0.07 0.17 −0.20 0.33 0.03 −0.14 −0.41 0.52 0.11 0.19 0.16 0.14 0.28 0.25 .24 0.06 0.54 0.30 0.37 0.39 0.13 1.00
N0.062 0.19 0.56 0.54 −0.38 0.34 0.17 0.58 −0.19 0.61 0.32 0.56 0.30 0.50 0.55 −0.33 0.52 −0.44 0.52 −0.44 −0.49 0.26 −0.10 1.00
OM −0.13 −0.18 −0.09 −0.07 0.08 −0.07 0.00 0.00 −0.06 −0.02 −0.04 −0.03 −0.03 0.02 −0.01 −0.14 −0.05 0.15 −0.16 −0.14 −0.12 −0.35 −0.14

Bold values are significant for α=0.01 (n=42).
Critical coefficients are 0.30 for α=0.05 and 0.39 for α=0.01.
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Fig. 3. Vertical distribution of selected Th-normalized elements (U, Fe, Eu, Ce, As, Cr, Br, and Zn) in coastal sediments of Admiralty bay.
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VISPECT program to identify gamma-ray peaks and by
ESPECTRO program to calculate concentrations. Both
programs were developed at the LAN/CRPQ, IPEN.

The methodology was verified by measuring Buffalo River
Sediment (NIST SRM 2704), Marine Sediment (PACS-2,
National Research Council Canada) and BEN (Basalt-IWG-
GIT) certified reference materials. Results of certified
reference material analyses presented relative standard devia-
tions lower than 5%. The agreement between the observed and
the certified concentrations were better than 8%, indicating the
precision of the analytical methodology. Additional details
about the precision of our method and detection limits can be
found elsewhere (Larizzatti et al., 2001; Wasserman et al.,
2001; Oliveira et al., 2007). We report the concentrations of 22
elements (Table 1), but the discussion is focused on selected
species (REE, U, Br, Th, and Fe).

3. Results and discussion

3.1. Major sediment characteristics

Grain size, organic matter, pH, and Eh are commonly the
most important factors that control trace metals and REE
accumulation in sediments. All three cores under study are
characterized by approximately 8% of organic matter and a
large fraction of muddy sediments (Table 1). The MP core had
the largest variability of fine-grained sediments and the lowest
mean, perhaps as a result of short-term climatic fluctuations
changing the amounts of local sediment supply and the rates of
coastal primary production. Similar content and distribution of
organic matter and grain size in the CF and BP cores (Fig. 1)
indicate that the BP core could be used as a reference in order
to assess the influence of Ferraz Station on chemistry of its
adjacent sediments. In the CF core, b0.062 mm sediment
content slightly decreased with depth, which may be related to
some change of sedimentation processes near Ferraz Station.
Indeed, recent investigations have shown significant retraction
of Keller Peninsula glaciers at least since 1979, when the first
detailed surveys were conducted (Simões et al., 2004). This
probably enhances erosion processes on land, which may
change land–ocean interactions and explain the higher mud
content in the surface layers of the CF core. Another process
that might explain the distinctive grain size distribution in the
CF core is the human production of fine sediments derived
from the grinding action of tracked vehicles (Gasparon and
Burgess, 2001; Gasparon and Matschullat, 2006). However,
further investigations are necessary to assess this hypothesis.

The sediments of Admiralty Bay had pH ranging from
neutral to slightly alkaline (6.98 to 7.54), with a small depth-
related variability (Fig. 2). On the other hand, we found a
strong gradient of Eh within the sedimentary environment of
Admiralty Bay (Fig. 2), which may influence the accumulation



Fig. 4. Average concentrations of REE in sediments and rocks of the
King George Island normalized by UCC concentrations. REE concen-
trations in rocks are from ⁎Yeo et al. (2004) and ⁎⁎Machado et al.
(2001).

Fig. 5. Pair diagram between Eu/Sm and La/Yb for sediments and
rocks of the King George Island. ⁎REE concentrations in rocks are
from Yeo et al. (2004).
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patterns of redox-sensitive elements, such as U, Fe, Ce, and
Eu. As expected, higher Eh values were found in the surface
layers. The lowest Eh value (−407 mv) was observed in the 8–
10 cm layer of BP core, indicating a strongly reducing
environment. Although pH and Eh data are available only for
the top 10 cm, it is reasonable to assume that below this layer
the pH values are nearly constant and Eh values are either
constant or more reducing. The steep near-surface Eh gradient
indicates that microbial respiration is occurring in these
sediments.

3.2. Vertical distribution of elements

Vertical distribution patterns of elements in coastal
sediments may offer insights about how they respond to
biogeochemical processes and to historical interferences in
their cycle. By using a geochemical normalizer that is not
influenced by diagenetic reactions and/or human activities, one
can infer the occurrence of such processes in coastal sediments.
Elements such as Al, Ti, Th, and Sc behave conservatively in
the sedimentary environment and are usually not diagenetically
active. In this paper we considered using Sc and/or Th as a
geochemical normalizer, taking into account that both elements
are reliable indicators of the contribution of terrestrial materials
and are relatively immobile in aqueous solutions (Yang et al.,
2004). We consider Th the preferred geochemical normalizer
because it has the strongest correlations with most elements
(Table 2). We should point out, however, that both Fe and Sc
would lead to a similar interpretation because Fe, Sc, and Th are
correlated to each other.

Pearson correlation coefficients (Table 2) were determined
to examine the relationships among elements, which may give
insights into the major factors controlling their accumulation.
For a few elements (e.g., Lu, Tb, and U), this analysis is
hampered by the fact that we could not determine their
concentrations in all the samples (Table 1). Except for Tb and
Lu, probably for the above reason, REE were strongly
correlated with Th indicating their detrital origin. It can be
seen in Fig. 3 and Table 1 that, in spite of large redox potential
gradients (Fig. 2), there is little variability in the vertical
distribution of Th-normalized elemental concentrations. Rel-
ative standard deviations for elements within a certain core
ranged from 3% to 47%, with most of them below 15%. These
results imply that most elements are associated with the detrital
phase and therefore early diagenesis is unlikely to occur in this
setting. Elements such as Eu, Ce, Fe, As, and U are
diagenetically active, so if diagenesis is occurring one might
expect to see concentration variability along a redox potential
gradient. For example, Ce+3 is oxidized to Ce+4 in oxygenated
environments and the Ce+4 tends to be more rapidly removed
by particle scavenging than the other REE in the +3 oxidation
state (Nozaki et al., 2000). As a consequence, fractionation of
Ce relative to other REE is expected to occur where strong
redox gradients occur if Ce is not present mostly in the detrital
phase.

The inference that the influence of diagenetic processes is
minimal in our cores is supported by recent studies showing
that sulphur within the sediment has not originated from in situ
pyrite formation, but rather from the detrital supply of sand-
sized quartz–pyrite rocks widely distributed in the KGI (Khim
and Yoon, 2003). This may be explained not only by the fact
that most elements seem not to be labile, but also by the
regional environmental characteristics. Many studies have
demonstrated that diagenesis can significantly mobilize REE,
especially in organic-rich sediments (Lev and Filer, 2004;
Abanda and Hannigan, 2006). In Admiralty Bay, the low
temperatures and the relative low organic matter content do not
favor diagenetic reactions. More importantly, proximity to the
shore and high melt water supply during summer favor rapid
sediment accumulation (Yoon et al., 2000; Figueira et al.,
2005). Sedimentations rates derived from 137Cs and 210Pb in
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Admiralty Bay in the last ∼100 years were 3.5 mm/yr
(Figueira et al., 2005), so the bottom of our cores is only about
52 years old. Apparently, such a fast accumulation rate
probably has not provided sufficient time for chemical
reactions to take place in our sediments.

Uranium was one of the few elements with a noticeable
vertical trend (Fig. 3). U/Th ratios in the CF core were
consistently lower in the upper layers, approaching zero in BP
and MP cores. Its concentrations in reducing Admiralty Bay
sediments may reach 13 nmol/g (overall average 8), while in
local rocks it is lower than 4 nmol/g (Yeo et al., 2004). The
main factors controlling U accumulation in sediments are
adsorption onto Fe oxides and precipitation under reducing
conditions (Swarzenski and Baskaran, 2006). Uranium may
mobilized as U+6 in oxic conditions and precipitated as U+4 in
reducing environments due to anaerobic microbially-mediated
processes. This process may occur relatively fast (hours) and
explain U depletion in surface layers in many ocean sediments
(Barnes and Cochran, 1990; Barnes and Cochran, 1993;
Windom et al., 2000). In addition, U may be removed from
seawater via uptake across the boundary of reducing sediments
controlled by the oxygen penetration depth (Mangini et al.,
2001; Dunk et al., 2002; McManus et al., 2005). Hence,
because the U distribution pattern is not related to the Fe
profile (Table 2) and because it is enriched in the sediments
relative to local rocks, we suggest that it is derived from
seawater and is controlled rather by oxygen contents in pore
water. In other words, the redox-controlled precipitation
appears to be more important than Fe-related diagenesis in
Admiralty Bay sediments.

The other element with a clear vertical trend was Br, which
was enriched in the upper layers of the three cores under
investigation (Fig. 3). The distinctiveness of such profiles and
the lack of correlations (Table 2) between Br and natural
variables (e.g., Fe, grain size, organic matter) that might
explain its distribution indicate a unique source for Br (the
correlation between Br and Sc shown in Table 2 is clearly an
artifact caused by the Br outliers). While its vertical
distribution pattern is typical of contaminated sediments, it is
unlikely that local anthropogenic inputs would change
exclusively Br accumulation. If contamination sources, such
as petroleum, sewage, and paints (Santos et al., 2005), are
regionally important, one might expect other metals, such as
As, Zn, Cr, and Co, to be enriched near the surface as well,
which is not the case (Fig. 3).

Because dissolved Br is relatively high in seawater, it may
be just precipitating in the upper few centimeters of our cores.
Alternatively, global atmospheric deposition of brominated
methanes largely used as a fumigant during the last few
decades (Goodwin et al., 1997) might be a reason behind Br
enrichment in our sediments. A third and perhaps more
reasonable hypothesis would be the association of Br fluxes
with increasing diatom production in maritime Antarctica.
Bromine is highly enriched in the frustules of many diatom
species, serving as a paleo-productivity proxy (Cota and
Sturges, 1997; Kerfoot et al., 1999; Phedorin et al., 2000).
Because of the fast regional warming and glacier retreat
observed around the KGI during the last few decades (Park
et al., 1998; Simões et al., 1999; Simões et al., 2004), we
hypothesize that Br accumulation in sediments may be
reflecting higher primary production rates in Admiralty Bay
supposedly driven by higher temperatures and higher melt-
water (and nutrient) inputs. However, in order to accurately
reveal Br accumulation driving mechanisms, it would be nec-
essary to conduct additional experiments.

3.3. Comparison with local rocks

Comparisons between elemental concentrations in rocks
and sediments may give insights into sediment source and
weathering processes in Antarctica. The KGI can be divided in
three tectonic blocks separated by strike-slip faults: Fildes
Block, Barton Horst, and Warszawa Block (Birkenmajer et al.,
1990; Birkenmajer, 2001). Data on REE in rocks of the KGI
are available for the Fildes Peninsula, part of the Fildes Block
(Machado et al., 2001; Machado et al., 2005), and for the
Barton Peninsula, part of the Barton Horst (Lee et al., 2004;
Yeo et al., 2004). Because our sediment samples were
collected in an area adjacent to rocks of the Barton Horst,
the dataset presented by Yeo et al. (2004) is the best one for the
interpretation of REE fractionation patterns in sediments. Yeo
et al. (2004) divided their studied volcanic rocks into three
groups. Group 1 rocks showed relatively mafic compositions
(basalts to basaltic andesites) and the lowest concentrations of
trace and REE. Group 2 rocks are predominant in the KGI, and
show intermediate compositions (basaltic andesites to ande-
sites) with significantly higher P2O5, K2O, and SiO2 and lower
MgO, CaO, and Al2O3 contents than the Group 1 rocks.
Additionally, Group 2 rocks contain smaller amounts of
HREE, and thus have steeper chondrite-normalized LREE/
HREE ratios. Group 3 rocks occur as intermediate dikes along
restricted sectors of the KGI, generally with similar composi-
tions to the Group 2 rocks. These differences among volcanic
rocks reflect the complexity of parental magma and may
influence sediment geochemistry.

The average concentrations of REE in sediments and rocks
of the KGI normalized to concentrations in the Upper
Continental Crust (Wedepohl, 1995) are shown in Fig. 4. We
choose the UCC concentrations rather than other normalizers,
such as NASC and chondrites, because REE fractionation in
Admiralty Bay sediments is more discernible when standard-
ized to UCC. UCC-normalized REE in sediments have a
pattern similar to local rocks and, thus, appear to be primarily
influenced by mechanical weathering of Group 2 rocks of Yeo
et al. (2004). The lack of Ce and Eu anomalies in Fig. 4 also
suggests that redox processes have not played a significant role
in modifying the distribution of REE in these sediments. The
similarity between Group 2 rocks and sediment REE
concentrations are also depicted on the scatter plot between
selected REE ratios (Fig. 5).

Admiralty Bay sediments exhibited a small enrichment of
Heavy REE (HREE) and middle REE (MREE) in comparison
with light REE (LREE) (Fig. 4). The effect of weathering on
the fractionation of REE is commonly associated with the
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preferential enrichment of LREE over the HREE in different
soil and sediment horizons (Chaudhuri and Cullers, 1979;
Condie et al., 1995), which appears not to be the case in
Admiralty Bay. Differences between REE distributions in the
source material and in the sink have been explained as a
combination of factors, such as (1) the occurrence of
additional, unknown sediment sources, (2) hydraulic sorting
of minerals during deposition, and (3) diagenetic remobiliza-
tion (Condie et al., 1995; Nath et al., 2000; Caccia and Millero,
2007). Taking into account that the dominant rocks from the
KGI (Group 2 rocks) and adjacent coastal sediments have
virtually the same REE distribution pattern, we can infer that
negligible REE fractionation took place during weathering and
transportation. This implies that the factors listed above and
chemical weathering are not important enough to change REE
concentrations in coastal sediments from Admiralty Bay.

This observation may seem contradictory to recent
suggestions that chemical weathering is important in some
coastal ice-free areas of Antarctica (Blume et al., 1997; Beyer
et al., 2000; Blume et al., 2004), but it may be reconciled if we
consider the spatial scale covered by subaerial soil surveys in
relation to the spatial scale represented by our sediment
observations. On the KGI, chemical weathering is considered
an active process in areas rich in penguin guano and sulphides
(Michel et al., 2006; Simas et al., 2006). Though important
sites of chemical reactions, these areas cover a small
percentage of the KGI ice-free areas (Schaefer et al., 2004).
Because sediment composition represents whole basin pro-
cesses, we suggest that the much larger spatial magnitude of
physical weathering masks the influence of the local, smaller
scale chemical weathering. Therefore, Admiralty Bay sedi-
ments appear to be originated predominantly from the
breakdown of local bedrocks.
4. Conclusions

We reported results of Neutron Activation Analysis
of coastal sediments from Admiralty Bay, maritime
Antarctica. We found strong redox potential gradients,
little vertical variability for most elements, and high
correlations between Th and REE. The concentrations
of rare earths and other elements are comparable to the
dominant local rocks. These results imply that post-
depositional processes have little influence on the
geochemistry of the elements investigated here and
that local bedrocks are the main source of sediments.
The exceptions were U, which appeared to be controlled
by redox-controlled precipitation from seawater, and Br,
which has an indeterminate source (perhaps increasing
diatom production). Our observations also implied the
prevalence of strong periglacial erosion in ice-free areas
of Maritime Antarctica in spite of the regional
environmental setting (e.g., widespread sulphide min-
eral occurrence, high moisture, and relatively high
temperatures). Hence, physical weathering is likely to
be regionally much more important than chemical
weathering on the King George Island.
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